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Abstract: We have used the crystal structure of an N9 sialidase (antigen)-NC41 (antibody) complex to design a low 
molecular weight compound that mimics the binding function of the macromolecular antibody. The components of 
recognition between the antibody and the protein antigen have been analyzed from the energy-refined crystal complex. 
From this analysis, four amino acid residues on the antibody binding surface, which make direct contact with the 
active-site loop 368-370 of the antigen, have been identified as contributing the majority of the binding energy of the 
protein. The designed target compound, a constrained cyclic peptide, which mimics the receptor-bound conformation 
of these amino acids, has been synthesized and found to inhibit N9 sialidase activity, with a /Ti of 1 X 10-* M. 



Introduction 

Protein antigen-antibody interaction sites are large, burying 
approximately 1 500 of surface area upon complexation.* Their 
combining sites comprise approximately 15-20 amino acid 
residues for the three-dimensional structures determined to date.^ 
Clearly, if all of these residues on the protein binding sites are 
making equal contributions toward the binding energy between 
the two proteins, then the task of mimicking the protein binding 
regions with low molecular weight compounds would be difficult. 
However, results from competitive experiments of monoclonal 
and polyclonal antibodies suggest that four, or even less, residues 
are sufficient to define an antigenic epitope.* Similarly, synthetic 
peptides derived from amino acid sequences of complementarity- 
determining regions {CDR*s) may have analogous binding 
properties to those of the intact antibody.^** Further, Novotny 
et al. have concluded, from theoretical calculations, that "protein 
antigenicity involves active, attractive contributions mediated by 
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a few energetic amino acids and a passive surface complementarity 
contributed by the surrounding surface area",*^ 

These data suggest that it may be possible to mimic protein 
sites, with low molecular weight compounds. The initial study 
requires the identification of the key ("energetic") amino acid 
residues on the protein binding sites, followed by the design and 
synthesis of compounds that mimic the receptor-bound confor- 
mation of these key amino acid residues. One would imagine 
that the protein mimetic would have a lower affinity than the 
parent protein simply due to the difference in bound surface area 
(and hence a potential loss of enthalpic and hydrophobic 
stabilization) of the mimetic versus that of the parent protein. 

Our recent interest in sialidases,'^ in particular the design and 
synthesis of novel influenza sialidase inhibitors as potential anti- 
influenza drugs,^^ has also led us to the study of an N9 sialidase- 
NC41 antibody complex. The crystal structure of the complex 
between influenza viral enzyme sialidase (subtype N9, isolated 
from an avian source) and the Fab of a monoclonal antibody 
NC41 (Figure 1) has been determined by Colman et alP^^ The 
interface between N9 and NC41 shows a high degree of steric 
complementarity. There is a groove between antibody NC41 Vl 
and Vh domains that accommodates a large ridge on the antigenic 
surface of N9 sialidase. Adjacent to this, CDR H3 of antibody 
NC41 forms a ridge which matches a pocket on N9 sialidase 
which is formed by residues 368-370 and 400-403. The enzymic 
activity of N9 sialidase is inhibited by the binding of antibody 
NC41,'-^< and a binding affinity for the complex of 1.2 X ID-' 
M has been determined.*^ 

Some indication of the mechanism of inhibition by antibody 
NC41 can be obtained from the crystal structure of the sialidase- 
sialic acid complex. On the basis of this structure, it has been 
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Figure I. Stereoscopic view of the complex between antigen N9 sialidase and antibody NC41 . The upper protein is the variable domains of antibody 
NC41, and the lower protein is the antigen N9 sialidase. 



recently proposed that the antibody NC4I inhibits the enzyme 
N9 sialidase by binding to the active-site loop 368-370 and so 
sterically interfering with the approach of the substrate. Analysis 
of this complex suggests that the approach of the substrate into 
the active site places the sialoside aglycon moiety near sialidase 
residues 368-370. Upon binding, the sialoside is known to be 
oonformationally distorted^^ away from a K^s conformation, 
leaving the aglycon positioned directly above the site, well removed 
from residues 368-370. 

We report here the design, synthesis, and biological evaluation 
of an antibody NC41 mimic based on an analysis of the crystal 
structure of the N9 siaUdase-NC41 antibody complex. It is 
proposed that this antibody mimic binds to the active-site loop 
368-370 of the antigen and inhibits enzyme activity by sterically 
interfering with the approach of the substrate. 

Experlroentftl Section 

Aimly8bofN9Sla!U«9e-AiitlbodyNC41Coinplex. Atomic coordinates 
of the N9 8ialidase-NC41 antibody complex (2.5 A, /(-factor 0.191) 
were kindly provided by Dr. P. Colman and colleagues (Division of 
Biomolecular Engineering, CSIRO). The complex was energy-refmed, 
using a combination of steepest descents and conjugate gradient 
minimizations, with the AMBER (v 3 .0) software package, to a gradient 
of less than 0.01 kcal/(mol/A). The AMBER united-atom force field, 
a nonbonded cutoff of 8.0 A, and a distance-dependent dielectric function 
were employed. 

In order to gauge how electrostatically complementary the two protein 
binding surfaces are in relation to their interactions with solvent, the 
protein binding sites were solvated with an 8.0-A layer of equilibrated 
water molecules using the in- house program CONTACT.*' These 
conformations were then minimized to a gradient of less than 0.01 kcal/ 
(mol/A) (using the AMBER united-atom force field) with the protein 
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held fixed. Molecular dynamic simulations (employing a constant 
dielectric of 1.0, an 8.0-A cutoff, and a L-fs time step) of the solvated 
protein binding sites were accomplished with the DISCOVER (v 2.6)*' 
implementation of the AMBER united-atom force field. The water 
molecules were subjected to a toul of 1 S ps of molecular dynamics at 300 
K. The protein was held fixed during these simulations.^ At 1 -ps intervals 
the instontaneous conformation was minimized to a gradient of less than 
0.01 kcal/(mol/ A). The lowest energy conformation found was used in 
the analysis procedure. 

The analysis procedure comprised an enthalpic and a nonbonded 
geometrical calculation of the antibody-«ntigcn interaction in order to 
determine the key ("energetic") components of the interaction. The 
process comprised the use of the program CONTACT and the analysis 
module (anal) of AM BER. The energy-refmed complex and the solvated 
protein conformations were subjected to the analysis process. For the 
geometrical nonbonded analysis (using program CONTACT), atoms 
were considered to form intermolecular contacts if their separation distance 
was within the sum of their van der Waals radii plus 1 .0 A. The program 
categorized such contacts into charged, polar and nonpolar classes. When 
any dipole contacts (polar) were considered, the angular component of 
the contact was calculated. Charged atoms were defmed as the charged 
atoms of residues Glu, Asp, Lys, Arg, and N^ of His. Polar atoms were 
defmed as noncharged heteroatoms and carbons that are bonded to 
heteroatoms. Nonpolar atoms (Id) were defined as carbon atoms that 
are solely bonded to carbon atoms. The analysis module of AMBER was 
used to calculate the enthalpy of interaction of each antibody residue 
with N9 sialidase. A distance-dependent dielectric and an 8.0-A cutoff 
were used for this calculation. Such information allowed us to identify 
a key loop on the antibody surface that appears to contribute a significant 
amount of the interaction energy (Table 1). 

Design 

Organic Scaffold Design. Having identified a key loop (COR 
H3) on the antibody surface, the next stage was to design a 
compound whose conformation was restricted to the receptor- 
bound conformation of this key loop. The first stage of the design 
process involved the design of compounds that mimicked the 
receptor framework (defmed in Figure 2) of the key antibody 

( 1 9) Biosym Technologies Inc., 9685 Scranton Rd., San Diego, CA 92 121 - 
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buried 
charge-charge 


charge-polar 


polar-polar 


Hbond 


chargo-Id 


polar-Id 


Id-Id 


enthalpy 
(kcal/mol) 


NC41-N9 


1 


18 


84 


26 


19 


222 


49 


-63.6* 


L49-L56 


0 


0 


24 


4 


0 


75 


14 


-10.5 


L91-L96 


0 


3 


10 


4 


4 


21 


7 


-10.1 


H30-H32 


0 


0 


23 


3 


0 


24 


8 


-7.3 


H50-H54 


0 


0 


3 


2 


0 


66 


13 


-2.8 


H96-H99 


1 


11 


23 


10 


14 


61 


8 


-32.9 



" A summary of the number of contacts of each loop of the antibody with the antigen. The entire antibody is represented as NC41 -N9. Id represent 
nonpolar atoms. * This enthalpy represents the sum of the interaction energy of the individual loops listed in the above table. The total protein-protein 
interaction energy was calculated as -73.4 kcal/mol. 




Figure 2. (a) Receptor loop framework (thick lines) describing the 
initiation and termination of the loops of interest. The receptor framework 
is defmed as the distance between C2 and Ns and dihedral angles between 
the two vectors C2-C3 and C4-N5. For the key antibody loop (CDR 
H3) the receptor framework was calculated as 5.5 A (C2-N5 distance), 
-56.80 (C2-C3-<:4-N5 dihedral angle), and -55.6^ (01-C2-C3-C4 
dihedral angle), (b) Organic scaffolds are designed that accommodate 
both the distance spanning the loop (C3-C4) and the C2-C3 and C4-N5 
vectors. 

loop. Thus, atomic distances and dihedral angles that define the 
geometry of the receptor framework of the key antibody loop 
(CDR H3) were calculated. Organic ''scaffolds", considered in 
the design process, were built using the build module in 
MACROMODEL(v 1.5).2^ The compounds were energy-refined 
using the implementation of the MM2 force field in MACRO- 
MODEL. The dihedral angles and distances defining the receptor 
framework geometry of the protein loop were then applied as 
constraints to the molecules. The constrained conformation was 
minimized to a gradient of less than 0.02 kcal/(mol/ A). A force 
constant of 5 kcal/(mol/A) was used for this calculation. These 
calculations were performed using a distance-dependent dielectric 
and a cutoff of 13 A for both van der Waals and electrostatic 
interactions. The resulting conformation (foon) was then su- 
perimposed onto the desired receptor framework, and the root 
mean square of superimposition over the five receptor template 
atoms was calculated. If the root mean square was suitable (less 
than 0.5 A), then the molecule was subjected to a conformational 
search. This was necessary in order to gauge the energy 
accessibility of the receptor framework conformation of the 
organic scaffold. 

Conformational searching was achieved using the multicon- 
former module of M ACROMODEL. The torsion angles defining 
the rotation about the amine and the carboxyl functional groups 
were rotated in 10-deg increments. Conformations that had no 
nonbonded interactions under 1.5 A were collected. These 
conformations were energy-minimized to a gradient of 0.02 kcal/ 
(mol/ A) using MM2. If the resulting conformations were unique 
and were within 5 kcal/mol above the lowest energy conformation 
found, they were subsequently stored. If the designed organic 
scaffolds had a suitable root mean square and the £000 confor- 
mation was within 5 kcal/mol above the lowest energy confor- 
mation found (£iniii)i these structures were submitted to the second 
phase of the design process (template force). 

Template Force. After constraining the entering and leaving 
angles of the loop, by an organic scaffold, the second phase of 

(21) Mohamadi, F.; Richards, N. G.; Guida, W. C; Liskamp, R.; Lipton, 
M.;Cauirietd,C.; Chang. O.; Henderickson,T.; Still, W. C. /. Comput, Chem, 
1990, /y, 440-467. 



the design process was to determine how well this scaffold **hold8" 
the peptide in the desired receptor-bound conformation. The 
constrained cyclic peptides were built using INSIGHT II (v 
2.1.0).*' The receptor conformation of the antibody loop was 
extracted from the antibody coordinates. The side-chain atoms 
of the constrained cyclic peptide were template-forced onto the 
receptor loop side-chain atoms. This involved a constrained 
minimization of the cyclic peptide to a gradient of less than 0.0 1 
kcal/ (mo!/ A) using a combination of steepest descents and 
conjugate gradient minimizations. This was done with the 
DISCOVER (V 2.6) program. The DISCOVER force field 
(C VFF, without Morse potentials or crossterms) was used with 
a template-forcing constant of 20 kcal/(mol/ A). The energy of 
this conformation (ffone) and the root mean square superim- 
position of the side-chain atoms with the desired receptor 
conformation were then calculated. 

High-Temperature Mofecolar Dymmlcs Conf onnadonal Search. 
In order to gauge the energy accessibility of the receptor-bound 
conformation, and hence how well the scaffold holds the peptide 
in the desired receptor-bound conformation, a conformational 
search was conducted. The template-forced conformation (£force) 
was minimized (with no constraints in place) to a gradient of 0.0 1 
kcal/(mol/A) prior to nK>lecular dynamics. This conformation 
was equilibrated for 20 ps at 800 K and molecular dynamics 
resumed for another 1(X) ps at that temperature. A 1-fs time step 
was used, and the amide bonds were constrained to a trans^^ 
geometry with a force constant of 5 kcal/(mol/A). At every 1 
ps a structure was collected and minimized to a gradient of less 
than 0.01 kcal/(mol/A), using a combination of steepest descents 
and conjugate gradient minimizations. The difference between 
the template-forced conformation (£fom) and the lowest energy 
conformation found (fmia) was used to gauge the effectiveness 
of the scaffold. 

Synthesis 

Materials and Methods. p-Methylbenzhydrylamine (pMBHA) 
resin (0.82 mmol/g) was used as a polymer support. N^-tert- 
butoxycarbonyl- (Boc) and iV«-fluorenylmethyloxycarbonyl- 
(Fmoc) protected amino acids were purchased from Auspep Pty 
Ltd., Australia. The Fmoc-Asp(OcHx)-OH and Fmoo-Olu- 
(OcHx)-OH amino acids were prepared from their Boc derivatives 
by trifiuoracetic acid deprotection and Fmoc protection." Fmoo- 
Asp(OH)OrBu was purchased from Bachem. All reagents and 
solvents were AR gradeand were used without further purification. 
Mass spectra (FAB) were recorded on a Jeol JMS-Dx 300 double- 
focusing instrument, with a Jeol-FABMS source and argon as 
incident particle, in a thioglycerol/glycerol matrix. All infrared 
spectra were recorded using a Hitachi 370-30 spectrophotometer. 
Melting points were determined on a Reichter micro-melting 
point apparatus and are uncorrected. All proton NMR spectra 

(22) This was used to eliminate cis-trans interoonvcnion, which has been 
shown to be a useful strategy in high-temperature molecular dynamics. 
Discover User Guide Part /; Biosym Technologies: San Diego, CA, 1992; 
Version 2.6. 
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J. E. J. Int. J. Pept. Protein Res. 1987. SO, 431-432, 
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were recorded at 300.133 MHz on a Bnlker AM-300 or AMX- 
300 spectrometer. Chemical shifts are quoted as d values (ppm) 
relative to an internal tetramethylsilane standard. Coupling 
constants (7) are given in Hertz, with observed single multiplicity 
designated as s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet) and b (broad). 

Preparation of the Scaffold 

(3-(((9-F1aoreDyliiietboxycarbonyl)aniiiio)methyl)benioic 
acid) (3)(Fiiioc-Ainb-OH) 

3-(Phthalimidomethyl)benzoic Add (1).^ A cold (0 ^'C) 
solution of benzoic acid ( 1 .2 g, 10 mmol) and7V-(hydroxymethyl)- 
phthalimide^^ (1.77 g, 10 mmol) in concentrated sulfuric acid 
was reacted overnight at 0 '^C. The reaaion was quenched by 
addition of the mixture to ice/water, and the title compound (1) 
(2.3 g, 80%) was collected by filtration and dried in vacuo: mp 
227-230 »C. lit. mp" 228.5-230.5 •C; ^H NMR (d^-DUSO) 
4.83 (s, CH:), 7.4-8,1 (m, arcmiatics); IR (KBr) 2964, 1768, 
1710, 1452, 1418. 1324, 704 cm-^; MS (FAB) 282 {m/z + 1), 
264,185.110. 

3-(Amiiiometbyl)beiizoic Acid {2).^ To a stirred solution of 
3*(phthatimidomethyl)benzoic acid (1) (0.44 g, 1.6 mmol) in a 
mixture of 2-propanol (14 mL) and water (2.4 mL) was added 
NaBHi (0.3 g, 8 mmol). After the reaction was stirred for 24 
h. TLC indicated the complete disappearance of starting material. 
Glacial acetic acid (1 .6 mL) was carefully added, and when the 
exothermic reaction subsided, the flask was stoppered and heated 
at 80 *»C for 2 h. 

The crude reaction mixture was loaded onto a Dowex 50 (H**") 
column washed with water (750 mL) and then clutcd with 1 M 
NH4OH (500 mL). Ninhydrin-active fractions were collected 
and pooled for freeze drying, affording 3-(aminomethyl)benzoic 
acid (2) (0.17 g, 45%). mp 244-246 *C, lit. mp^* 246-249 "^C. 

3-(((9-Fluorraylm^iioxycarbonyl)Bmino)iiietiiyl)benzoic Acid 
(3) (Fmoc-Amb-OH). 3-(Aminomethyl)benzoic acid (2) (0.75 
g, 5 mmol) was dissolved in water (5 mL), and the pH of this 
solution was adjusted to 8 by the addition of triethylamine. To 
this solution at 0 **C was added (9-nuorenylmethyl)succinimidyl 
carbonate (1.5 g, 4.5 mmol) in acetonitrile (5 mL). The pH of 
the solution was monitored and kept at by addition of 
triethylamine. With the pH constant, the reaction mixture was 
allowed to stir at room temperature for 3 h. The reaction mixture 
was filtered, and the solvent was removed under reduced pressure. 
The isolated residue was added to a vigorously stirred 1 M HCl 
solution. The resulting precipitate was collected by filtration, 
dissolved in ethyl acetate, and washed with several portions of 1 
M HCl. After removal of solvent under reduced pressure, the 
product was purified by recrystallization from ethyl acetate/ 
hexane to give 3-(((9-fluorenylinethoxycarbonyl)amino)methyl)- 
benzoic acid (3) (1.27 g, 68%); mp 200-201 «C; »H NMR 
(MeOH-rf4) 4.12 (t. IH. / = 6.8 Hz). 4.24 (s, CHr-N), 4.28 (d, 
2H. J = 6.8 Hz). 7.3 (m, 8H), 7.56 (d, 2H, / «= 7.3 Hz). 7.68 
(d, 2H, J = 7.44 Hz), 7.82 (dt, H6. J « 7.5, 1.5 Hz), 7.89 (bs, 
H2); MS (FAB) 374 (m/z + 1), 192, 178; HRMS (FAB) Obsd 
373.1292 (C23H19N1O4), Reqd 373.1315. 

Peptide Syntliesis. All peptides were prepared manually using 
a solid-phase peptide synthesis vessel, equipped with a GrifHn 
shaker system. 

Synthesis of Antibody Mimic (5). pMBHA resin (5 g, 0.82 
mmol substitution) was neutralized by two successive iO-min 
washes with 10% DIPEA/DCM. The first amino acid (Fmoc- 
Asp(OH)-0/Bu) was attached to the resin, as its preformed HOBt 
ester, togivearesinsubstitutionof 0.5 mmol/g.^ The substitution 

(24) Oda, R.; Teramura. K.; Tanimoto, S.; Mouki, N.; Suda. H.; Mauuda, 
K. Bull Inst, Chem. Res., Kyoto Univ. 1955, 33, 117-122; Chem. Abstr. 
1M7, J/, n355d. 

(25) Buc. S. R. 7. Am. Chem, Soc, 1947, tfP. 254-256. 

(26) Effects of rtsin substitution on peptide yields: Plaue, S, Int. J. Pept. 
Protein Res. 1990. 35, 510-517. 



on the resin was calculated using a spectrophotometric technique.^'^ 
The remaining amino groups were blocked by acetylation using 
acetic anhydride (1.5 mL) in DCM-containing pyridine (3.5 mL) 
for 20 min at room temperature. On a 2-g (1 mmol) scale of 
resin, the remaining amino acid residues (including the constraint) 
were added to the growing peptide chain by the sequential stepwise 
addition of a 2 molar excess of Fmoc-A8p(OcHx)-OH, Fmoc- 
Glu(OcHx)-OH, Fmoc-Amb-OH followed by Boc-Phe-OH 
using standard solid-phase synthetic methodologies.^^ Each 
coupling reaction was carried out using a twofold excess of BOP 
and HOBt and a threefold excess of NMM. Following coupling 
of the last amino acid, the /Bu and Boc protecting groups were 
removed by treatment of the peptide resin with 60% TFA/DCM 
for 45 min. The peptide resin was washed with DCM (4 X I 
min), DMF (2 X 1 min). 10% DIPEA/DMF (2X2 min), and 
DMF (3 X 1 min). Cyclization was achieved by suspension of 
the resin in DMF (15 mL) and the addition of a threefold excess 
of BOP/HOBt and 1 .6 equiv of DIPEA. The cyclization reaction 
was monitored by the quantitative ninhydrin assay and was found 
to be complete after 5 days. A fresh excess of coupling reagents 
was added every 24 h. The peptide was cleaved from the resin 
using anhydrous HF in the presence of anisole as the scavenger. 
The peptide was extracted with 0.1% TFA-30% acetonitrile/ 
water and subsequently water and then lyophilized to yield 360 
mg of crude product. The crude product was purified by reverse- 
phase HPLC on a M-Bondpack C18 (10 /xm, 125 A) (25 mm X 
100 nun) column, eiuted with a linear acetonitrile gradient (20- 
40%), over 50 min with a flow rate of 4.8 mL/min, with a constant 
concentration of trifluoroacetic acid (0.1% v/v). The linear 
gradient was generated with a Waters 600 E system controller. 
The separation was monitored at 230 nm with a Waters 484 
tunable absorbance detector and integration achieved with the 
Baseline software package. Two major products were isolated 
and were characterized as the target constrained cyclic peptide 
(5) in 5% yield and an imide byproduct (6). The amino acid 
analysis of the constrained cyclic peptide agreed with expectations. 
Fraction 1: MS 639 (m/z + 1), corresponding to the target 
cyclic constrained peptide (5) (C30H34N6O10). *H NMR data 
((/(-DMSO) are summarized in Table 3. Fraction 2: MS 621 
(m/z + 1), corresponding to the imide byproduct (6) 
(CJ0H32N6O9); 'H NMR (de-DMSO) 2.0 (m, Glu CpHj), 2.40 
(t. Glu, CyHi), 2.54 (m, Asp CpH"). 2.54 (m, Asn C^H"), 3.06 
(m. Phe C^H'O. 3.06 (m. Asp C^H'), 3.06 (m, Asn C^H'), 3.35 
(dd. Phe C^'), 4,05 (m, Amb-CHj'), 4.30 (m, Amb-CH/), 
4.37 (m, Asp C«H), 4.59 (m, Glu CaH), 4.75 (m, Amb-CHz"), 
4.75 (m, Phe C^H), 5.24 (m, Asn C«H), 7.1 8-7.55 (m, aromatic), 
7.55 (d, Phe NH), 7.90 (d, Glu NH), 8.53 (m, Amb NH), 9.42 
(m. Asp NH). 

Synthesis of Linear Peptide Ac-Glu-Asp-Asn-Pbe-NHi (7). 
pMBHA resin (2 g, 0.46 mmol substitution) was neutralized by 
two successive 10-min washes with 10% DIPEA/DCM. The 
first amino (Boc-Phe-OH. 0.49 g. 1.84 mmol) was attached to 
the resin as its symmetrical anhydride. The degree of coupling 
on the resin was determined by quantitative ninhydrin assay, and 
the resin was blocked by acetylation with acetic anhydride. On 
a 2-g (0.92 mmol) scale of resin, the remaining amino acid residues 
were added using standard solid-phase methodologies.^^ Boc- 
Asn-OH was coupled as its HOBt ester, and the remaining amino 
acids (Boc-Asp(OBzi)-OH and Boc-Glu(OBzl)-OH) were 
coupled as symmetrical anhydrides. After addition of the last 
amino acid, it was deprotected by treatment with 40% TFA/ 
DCM, neutralized with a 10% DIPEA/DCM wash, and acety- 

(27) Meienhofer. J.; Waki, M.; Hiemer, E. P.; Umbros, T. J.; Makofske. 
R. C; Chang, C.-D. Int. J. Pept. Protein Res. 1979, 23, 35-42. 

(28) (a) Bodanszky, M. Principles of Peptide Symhe$is\Spntigtt-ytt\^%\ 
Heidelberg, Germany, 1 984. (b) Barany, C: Merrifield, R. B. In TAe Peptides; 
Gross, E., Metenhofer, J., Eds.; Academic Press: New York, 1980; Vol. 2. 
(c) Stewart, J. M.; Young, J. D. Solid State Phase Peptide Synthesis, 2nd 
ed.; Pierce Chemical Company: Rockford, IL, 1984. (d) Barany, G.; Kneib- 
Cordonier, N.; Mullen, D. G. Int. J. Pept. Protein Res. 1987, JO, 705-739. 
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lated with acetic anhydride. The peptide was cleaved from the 
resin using anhydrous H F in the presence of the scavenger, anisole. 
The peptide was extracted with 0.1% TFA-30% acetonitrile/ 
water and subsequently water and then lyophilized to yield 260 
mg of crude product. The crude product was purified by reverse- 
phase HPLC, using a linear acetonitrile gradient (10-50%) over 
60 min with a flow rate of 4.8 mL/min to give 7 (19%). Amino 
acid analyses were consistent with the desired product: MS 565 
(m/z + 1) CjJIajOioNfi; 'H NMR (rffi-DMSO) 5 1.71 (m. Glu 
C^2). 1 .85 (s, CH3). 2.24 (t. Glu C-^Hj), 2.33 (dd. Asn C^H'), 
2.49 (m. Asn CpH"). 2.49 (m. Asp QH'). 2.62 (dd. Asp C^H"). 
2.79 (dd, Phe C^H'O. 3.08 (dd, Phe C^'). 4.20 (m. Glu C„H), 
4.28 (m, Phe C„H), 4.41 (m, Asn CaH), 4.48 (m, Asp C^H), 6,92 
(s. amide NH), 7.21 (s, amide NH), 7.91 (d, Phe NH), 7.97 (d, 
Asn NH), 8.05 (d, Glu NH), 8.22 (d, Asp NH). 

Characterization and Structure DeterminatlOD of Antibody 
Mindc. A 1 6 mM sample of the antibody mimic (5) was prepared 
by dissolving 7 mg of compound 5 in 0.7 mL of ^6*DMS0. ^H 
NMR spectra were recorded with a Brdker AMX-300 spec- 
trometer and processed on a Silicon Graphics 4D/25 workstation 
using the software package FELIX.^ These experiments included 
a TOCSY spectrum with a mixing time of 80 ms, a DQFCOSY, 
and three ROESY spectra with mixing times of 250, 1 50, and 
80 ms. Apart from the temperature studies, all experiments were 
recorded at 30 *C. All spectra were run with a spectral width 
of 3030.3 Hz. ID spectra were recorded with 16K data points, 
multiplied by a 60° phase-shifted sine bell squared function, and 
zero-filled to 32K prior to Fourier transformation. The DQF- 
COSY of the antitKKiy mimic (5) was acquired with 4096 data 
points for each of the 800 ti values and 64 transients. Prior to 
Fourier transformation the time domain was multiplied in both 
dimensions by a 90^ phase-shifted sine bell. The length of the 
window function in all 2D experiments was adjusted to reach 
zero at the last experimental point in the ti and ti directions. 
Vnh-ch coupling constants were measured for the antibody mimic 
(5) by selecting appropriate traces from the DQFCOSY spectrum 
and subjecting each slice to an inverse Fourier transformation, 
zero-filling to 8K, applying a 60** phase-shifted sine bell, and 
finally a Fourier transformation. The Vnh-ch were then measured 
directly from the modified traces (Table 3). The TOCSY and 
ROESY experiments of the antibody mimic (5) were acquired 
with 1024 data points for each of the 400 ti values and 32 
transients. The temperature dependence of the amide protons 
were measured at 25, 30, 37, and 42 °C. 

Solution Conformation. A total of 1 5 approximate interproton 
distance constraints, including 13 interresidue constraints were 
derived from the ROESY spectra. These distances were 
classified as 2.7, 3.5, and 5.0 A for strong, medium, and weak 
crosspeaks.^^ Pseudoatoms (average atoms) were used for the 
C^ protons of Asp, Asn, and Phe, and the C^ protons of Glu, and 
the CH2 of Amb. With the constraints in place the conformation 
was minimized, using steepest descents and conjugate gradients, 
down to a gradient of less than 0.01 kcal/(mol/A) using the 
DISCOVER program. A distance-dependent dielectric, a non- 
bonded cutoff of 12 A, and a harmonic force constant of 100 
kcal/(mol /A) were used for these calculations. This conformation 
was equilibrated for 20 ps of restrained molecular dynamics at 
800 K and resumed for 100 ps with a 1-fs time step at this 
temperature. At every 1 ps the instantaneous structure was 
minimized to a gradient of less than 0.01 kcal/(mol/A) with the 
penalty functions in place. The lowest energy conformation 
obtained was minimized to a gradient of less than 0.01 kcal/ 
(mol/A) without any constraints in place. The resulting con- 
formation was found to be consistent with the NMR-derived 
distance constraints. 



(29) Feltx 1.0 program; Hare Research, Inc.: Woodinville, WA. 1990. 

(30) Kuntz, I. D.; Thomason, J. P.; Oshiro, C. M. Methods Enzymol. 
1989, 177, 199-205. 



Biological Data. Influenza virus N9 sialidase was incubated 
for 30 min at 37 **C in a buffer (MES, 6 mM CaCb. pH 6,5) 
containing either 30 mg/mL or 70 mg/mL fetuin and varying 
concentrations of inhibitor (antibody mimic (5) and linear peptide 
(7)) . The sialic acid released by the enzyme was assayed according 
to the method developed by Warren^^ and then subsequently 
modified by AminofP^ and Aymard-Henry et al.^^ 

Results and Discnssioo 

Analysis. The determination of the components of recognition 
of the N9 sialidase-'NC41 antibody complex involved a geo- 
metrical nonbonded analysis and an enthalpic calculation. The 
data from this analysis are summarized in Table 1. These data 
show, that in comparison to the antibody, CDR H3 (H96-H99) 
comprises 100% of the buried charge-charge contacts, 79% of 
the charge-polar contacts, 28% of the polar-polar contacts, 78% 
of the charge-nonpolar contacts, 1 6% of the nonpolar-nonpolar 
contacts, and 44% of the hydrogen bonds. Hydrogen bonds are 
considered as a separate class of polar contacts in this analysis 
procedure. The intermolecular energy of the interaction was 
calculated using the anal module of AMBER. This antibody 
loop comprised 52% of the total intermolecular energy of the 
entire antibody. Thus, enthalpically at least four amino acids 
seem to contribute a significant portion of the interaction energy 
of the complex. 

It has been suggested Uiat one of the greatest free energy deficits 
in protein complexation results from the requirement to desolvate 
hydrophilic functional groups.^^^^ This is a result of water 
participating in strong interactions with hydrogen-bond donors 
and acceptors as well as in neutralizing charged side chains. Due 
to the geometric constraints of protein molecules, the hydrophilic 
side chains buried in the protein complex would participate in 
fewer hydrogen bonds than they would in the undissociated form, 
when both donors and acceptors are fully water accessible. As 
a result, the desolvation of these hydrophilic groups, that do not 
hydrogen bond within the complex, is an expensive component 
of complexation. A crude estimation of this unfavorable com- 
ponent of complexation can be achieved by identifying the 
hydrogen-bond donors and acceptors on the protein-combining 
sites that are not hydrogen bonding within the complex but are 
hydrogen bonding with water in the undissociated state. This 
should give some indication of how many hydrogen bonds are lost 
on complex formation, in comparison to those made with water, 
and which residues are responsible for this loss. 

The hydrogen-bonding capacity of the antibody recognition 
site in the undissociated state was characterized by solvating the 
antibody binding site with an 8.0-A layer of water molecules. 
The lowest energy conformation found, from the molecular 
dynamics study, was used in the analysis procedure. It was found 
that loop CDR H3 only buries two atoms upon complexation that 
are hydrogen bonding to the solvent and not with the protein, in 
comparison to the entire antibody which buries 14 such atoms. 
This loop makes a total of 10 hydrogen bonds to the antigen, and 
therefore does not appreciably contribute to complex destability. 

Some measure for the role of the electrostatic interactions in 
protein-protein complexation has been obtained by the above 
analysis procedure. However, it has been suggested by others 
that hydrogen bonds and electrostatic and van der Waals 
interactions contribute little to the stability of protein interac- 
tions.3*'" This is because these interactions replace similar ones 
made with solvent molecules in the unbound species. Their main 
role is thought to confer specificity. One aspect of this study was 



(31) Warren, L. J. Biol, Chem. 1959, 234, 1971-1975. 

(32) Aminoff, D. Biochem. J. 1961. 81, 384-392. 

(33) Aymard-Henry, M.; Coleman, M. T.; Dowdle, W. R.; Uver. W. G.; 
Schild, G. C; Butt. W, H. O, 1973, 48, 199-202. 

(34) Chothia, C. H.; Janin, J. Nature 1975, 256, 705-708. 

(35) Janin, J.; Chothia, C. H. J. Mot. Blot. 1976, 100, 197-21 1. 
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to investigate the hydrophobic contributions^" of complex 
formation. Whilst under a great deal of conjecture lately.** one 
view is that the hydrophobic effect can be considered as an absence 
of hydrogen bonding between nonpolar molecules and water, 
rather than a favorable interaction between the nonpolar groups 
themselves. The hydrophobic effect can be considered as an 
entropic force." The favorable entropy term arises due to the 
release of water molecules upon complexation. Thb is consistent 
with the "cavity""'39 model, in which the first step may be regarded 
as the formation of a cavity in water into which the solute will 
fit. The free energy of formation of such a cavity in liquid water 
will be large because it requires the separation of strongly 
interacting water molecules. Once the cavity is formed and the 
solute placed in it. the solvent will undergo any further changes 
that reduce the free energy of the system. Wjth a polar solute, 
hydrogen bonds and other electrostatic interactions will com- 
pensate for the initial energy required to form the cavity. However, 
a nonpolar solute will gain only the minor van der Waals forces 
with the solvent. To compensate for the absence of favorable 
electrostatic interactions with the solute, the solvent surrounding 
it will rearrange to form the most extensive number of hydrogen 
bonds between water molecules. The water molecules are 
therefore ^'immobilized" on the binding surface and significantly 
contribute to the hydrophobic effect when two nonpolar molecules 
interact. 

The preceding analysis of the solvation of the binding surface 
of antibody NC4 1 permits a crude estimation of the hydrophobic 
effect. As an initial oversimplified estimate of hydrophobicity, 
an estimation of the number of "immobilized" water molecules 
on the protein binding surface was required. An "immobilized* 
water molecule is defined as a water molecule that does not 
hydrogen bond with the protein and interacts with the nonpolar 
atoms of the protein . It is these water molecules that are thought 
to contribute a significant portion of the hydrophobic effect.^ 

The previously calculated low-energy solvated conformation 
was analyzed by the program CONTACT in order to identify the 
"immobilized" water molecules on the protein binding surface. 
The antibody binding site comprises 63 such water molecules. Of 
these. 21 (one-third) arc with the loop CDR H3. This simplistic 
estinuition of hydrophobicity tends to suggest that loop CDR H3 
contributes approximately one-third of the hydrophobic force of 
the entire protein. In addition, upon binding to the antigen this 
loop would displace approximately 17 immobilized waters on the 
antigenic surface. Upon complexation this loop buries a total of 
204 of surface area.' This is approximately one-third of the 
entire protein, and such information qualitatively suggests that 
this loop would contribute a significant amount^*^^ *^ to the 
hydrophobic effect. 

Collectively, from this analysis, it appears that one loop on 
antibody NC41 (CDR H3) contributes a significant portion of 
the interaction energy. In the complex, CDR H3 forms a ridge 
which matches a shallow depression on N9 lined by residues in 
the active site loop 367-372. loop 400-403, and loop 430-435. 
The side chain of Asn H98 of the antibody protrudes from the 
surface and interdigitates between the side chains of Thr 40 1 and 
Trp 403. A buried salt link exists between Lys 432 of sialidase 
N9 and Asp H97 of the antibody. The complex has been described 
in more detail elsewhere.' 

(36) Kauzmann, W. Adu. Protein Chem. 1959, 16, 1-64. 

(37) Crcighton, T. E. Proteins Structure and Molecular Propertier, WH 
Freeman and Co.: New York, 1984. 

(38) (a) Privalov, P. L.; GUI. S. J. Ado. Protein Chem. 1988, 39, 191-234. 
(b) Privalov, P. L. Annu, Rev. Biophys. Biophys. Chem. 1989, 18, 47-69. (c) 
Privalov.P. L.;Oill,S. LPureAppl Chem. 1989,tf/» 1097-1104. (d) Murphy, 
K. R; Privalov, P. L.; GiU. S. J. Science 1990. 247, 559-561 , (e) Muller, N. 
r/JS 1992, 77.459-463. 

(39) Gill, S. J. /. Phys. Chem. 1985. 89. 3758-3761. 

(40) Andrews, P.; Tiniclnot, M . Comprehensive Medicinal Chemistry, 1990, 
4, 321-348, 

(41) Ncmcthy, G.; Scheraoa, H. A. J. Phys. Chem. 1962.66, 1773-1789. 
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Table 2* Summary of the Deaign Data (in kcal/md) 











induction 


conformation 


energy 


RNfS'* 


■CmiD 


energy 




7.7 


0.2 


4.6 


3.1 




97 


0.6 


89 


8 



" Root mean square of the £a» conformation is with the five atoms 
defining the receptor framework. Root mean square of the £rom 
conformation is over all the side-chain atoms. 



As mentioned above, the antibody loop (CDR H3) makes direct 
contact with the N9 active-site loop 36S-370. The analysis data, 
taken together with the hypothesis that antibody NC41 inhibits 
N9 sialidase activity by binding to the active-site loop 368-370,^* 
present the opportunity for the design and synthesis of a compound 
that mimics these antibody loop amino acids. This mimic may 
also bind to the active-site loop 368-370 and therefore stcrically 
interfere with enzyme catalysis. 

Design. In the preceding analysis section we have described 
a theoretical technique used to identify several amino acids out 
of the 20 or so which comprise the antibody recognition site that 
appear to be responsible for molecular recognition. On the basis 
of the receptor-bound conformation of these amino acids, known 
from the protein crystal structure, a design strategy toward suitable 
cyclic constraints that would hold the peptide sequence in the 
preferred receptor-bound conformation was required. 

Conformational constraints can be separated into two class- 
es.**-^ The first group, "local" conformational constraints, is 
used to modify the local conformation to a specific or highly 
restricted conformation.^^ Their utilization is best undertaken 
within the context of a structure that already provides a measure 
of conformational stability, such as a fi-inrn or an «-helix. The 
second group, "global" constraints.^*** promotes or stabilizes more 
comprehensive structural features such as a-helices, jS-sheets. 
/?-tums, and loops, which are important or sometimes essential 
for the biological activity of the compound.*^ 

Due to the precise steric and electronic requirements of the N9 
sialidase-NC41 antibody recognition,*^ this stabilization should 
not interfere with the steric and electronic properties of this loop. 
The problem with the most commonly used global conformational 
constraints*^ ** is their inherent flcsubility due to the inclusion of 
several rotatable sp^ bonds. In order to circumvent this problem, 
it was decided to design rigid organic compounds ("scaffolds") 
that could bridge the C and N termini of the loop. 

Design of Organic Scaffokb. In this study, the novel design 
approach involved the use of the receptor template geometry 
(defined in Figure 2) of the key loop as conformational constraints 
in the first phase of the design process. The atomic distances and 
dihedral angles defining the receptor framework of the key 
antibody loop (CDR H3) were calculated as 5.5 A. 56.8**. and 
-55.6**. respectively (Figure 2). This data was used to identify 
rigid organic "scaffolds" that could energetically adopt the distance 
spanning the loop (C3-C4. Figure 2) and the C2-C3 and C4-N 5 
vectors (the receptor template). The results showed that 
3-(aminomethyl)bcnzoic acid had a root mean square of 0.2 A 
with the five atoms dcfming the receptor framework, and this 
conformation was only 3,1 kcal/mol above the lowest energy 
conformation found (Table 2, Figure 3). It was thus concluded 
3-(aminomethyl)benzoic acid is a suitable rigid organic scaffold. 

The ability of the constrained cyclic peptide to adopt the desired 
receptor conformation was tested using the template force 
technique.** In this technique the root mean square difference 

(43) Hruby. V. J.; Al-Obedi, F.; Kazmicsid, W. Biochem. J. 1990, 268, 
249-262. 

(44) Hruby. V. J. Ufe Sci. 1982. 31, 189-199, 

(45) Webster, R. G.; Air.G. M.; Metzger . D. W.; Colman. P. M.; Varghcse. 
J. N.; Baker. A. T.; Uver, W. G. /. Virol. 1987, 61, 2910-2916. 

(46) Struihcrs, R. S.; Hagler, A. T In Cor^formationally Directed Drug 
Design. Peptides and Nucleic Acids as Templates or Targets; Vida. J. A., 
Gordon. M., Eds.; American Chemical Society. Washington, DC, 1984; pp 
239-261. 
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Figure 3. Illustration of supcrimposition of onto thedesired receptor 
template. 




Figure 4. Superimposttion of template force conformation (black) onto 
the desired receptor- bound conformation (gray). 

between the analogue (constrained cycle peptide) and the template 
(desired loop conformation) is minimized simultaneously with 
the potential energy of the anal(^e. By minimizing this combined 
function, the lowest energy conformation (£force conformer) is 
found that achieves a given fit of the analogue to the template. 
By conformational searching, and calculation of a low-energy 
conformer (£nun conformer)» the energy required (induction 
energy) to achieve the desired receptor-bound conformation can 
be calculated. The data from these calculations is summarized 
in Table 2 and in Figure 4. The amount of energy required to 
induce the lowest found in vacuo conformation into the receptor- 
bound conformation was calculated as 8 kcal/mol. 

Synthesis. The synthesis of the organic scaffold is shown in 
Figure 5. 3-(Phtbalimidomethyl)bcnzoic acid (I) was prepared 
in 80% yield by the treatment of benzoic acid with A^-(hy- 
droxymethyOphthalimide"'^' in 90% sulfuric acid at 0 **C. The 
phihaloyi protecting group 3-(phthalimidomethyl) benzoic acid 
(1) was removed under mild conditions by reduction with sodium 
borohydride.^^ Thefinal step required the protection of theamino 
functional group as its Fmoc derivative and was achieved by 
treatment of 3 with (9*fluorenylmethyl)succinimidyl carbonate 
at a pH of 8. 

The syntheses of the precursor peptides for the cyclic lactam 
analogues of the antibody mimic (5) were accomplished by the 
solid-phase synthetic methods summarized in Figure 5. After 
neutralization of the pMBH A resin, the jS-carboxyl group of the 
first amino acid (Asp) was coupled to the resin as its preformed 
HOBt ester. An A^-capping procedure was then employed, to 
acylate any free amino groups on the resin. Importantly, it is the 
^-carboxyl of Asp that is attached to the pMBHA resin; this 
leaves an a-carboxyl suitably protected for cyclization. Cleavage 

(47) (a) Zaugg, H. E. Synthesis 1970. 49-73. (b) Zaugg, H. E, Synthesis 
1984.85-110. 

(48) Osby, J.; Martin, M. G.: Canem, B. Tetrahedron Lett. 19S4, 25, 
2093-2096. 
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Fmoc* Asp(M 8HA-resi(i)-0t Bu 

K Ftnoc-A^OcHxVOH 

2. FmQc-G(ti(0cHi)-OH 

3. Fofioc-.Amb-OH 
, , 4- Boc-Phc-OH 

Boc.Phc.Amb-tihj(OcHx>-Asp(OcH*)-Asp(MBHA-rcs:n)-0(^ 

I TFA/DCM. 45 min. 

H.?he-Aflit>'Clu(OcHx)-Asp(OcHx>Asp(MBHA-resi[i)-OH 

IBOP/HOBt DIPEA ta DMF (cycttsation) 
HF cleavage and puriftcatton 



Phe -Amb-Gla •As{>-Asn 
(5) 

Figure 5. Synthesis of antibody mimic. 

from the resin will result in the production of a /?-amide and 
hence an Asn at this position. The remaining amino acids (Fmoc- 
Glu(OcHx)OH, Fmoc-Amb(OH), and Boc-Phe(OH)) were 
added using the BOP/HOBt procedure. Prior tocyclization whibt 
bound to the resin» deprotection of both the /V-terminal Boc and 
C-terminal rBu functional groups was achieved with 60% TEA/ 
DCM, It was decided to cyclize whilst bound to the resin, as this 
is reported^*'** to give products of a higher yield and purity, 

Resin cyclization was initially attempted with DCC/HOBt; 
however, the major product isolated from this synthesis was the 
O N acyl migration product, '^-^^ Cyclization using BOP/ 
HOBt was then attempted, and the desired constrained cyclic 
peptide (5) was isolated (Figure 6), The cyclization reaction 
required 5 days to go to completion and was monitored by the 
quantitative ninhydrin assay. The imide byproduct (6) was also 
detected (Figure 6) and was characterized by the lack of 
DQFCOS Y crosspeak between Asn Cot to the NH region and the 
ROESY crosspeak from the NH of Asp to the Ca of Glu. Imide 
formation during cyclization reactions has been previously 
documented;^^ though it is reported to be significantly reduced 
by the use of cHx-protected amino acids. The unconstrained 
peptide (7) was synthesized using standard Boc solid-phase peptide 
synthesis methodologies. 

(49) (a) Fdix. A. M.; Wang. C. T.; Hcimcr, E. P.; Fournicr, A. int. J. Pept. 
Protein Res. 198«, 31, 231-238. (b) Felix, A. M.; Hcimer. E. P; Wang, C: 
Lambros, T. j.; Forunier, A.; Mowlcs. T. F.; Matncs, S.; Campbell. R. M.; 
Wcgrzynski, B. B.; Toomc, V.; Fry, D.; Madison, V. S. Int. J. Pept. Protein 
Res. 1988» 32, 441-454. (c) Schiller, P W.; Nguyen, T. M.; Miller, J. Int. 
J. Pept. Protein Res. 1985, 25, I7i-177. 

{50) Burke, T. R.;Knighl, M.;Chandrasckhar, B, Tetrahedron Lett, 1989, 
30, 519-522. 
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(6) 

Figure 6. Structures of the biologically active antibody mimic 5 and the 
observed imide byproduct 6. 

Table 3. Chemical Shifts" and VNH-Ha Coupling Constants^ of 
Antibody Mimic (5) in de-DMSO at 30 °C 



chemical shift (ppm) 



residue 


NH 


CaH 


CjSH 


other 


Glu 


8.60 (6.0 Hz) 


4.20 


1.97 


C7H2. 2.40 


Asp 


8.44 (11.5 Hz) 


4.53 


2.64. 2.95 




Asn 


7.86 (8.3 Hz) 


4.33 


2.64 




Phe 


8.31 (7.6 Hz) 


4.48 


2.67, 3.12 


C2»3»4.5,6H. 7.18-7.42 


Amb 


8.48 (S.8 Hz) 






CH2'.4.20, CH2", 4.49, 



C2H, 7.80, C6H, 7.66, 
C4H, C5H. 7.42. 



" Chemical shifts are referenced to the ^/^-DMSO peak at 2.49 ppm. 
^ Coupling constants were measured from the DQFCOSY spectrum. 



Table 4. Temperature Dependence*' of NH Peaks of Antibody 
Mimic (5) in i/e-DMSO 



temp 
(K) 


Glu NH 


AmbNH 


Asp NH 


PheNH 


Asn NH 


298 


8.544 


8.425 


8.344 


8.230 


7.762 


303 


8.514 


8.400 


8.336 


8.225 


7.755 


310 


8.482 


8.373 


8.327 


8.216 


7.745 


315 


8.450 


8.341 


8,312 


8.206 


7.735 






cocff (ppm/K) 








-6.3 X 10-5 


-5.6 X 10-5 


-2.1 X 10-» 


-1.6 X 10-5 


-1.8 X 10-5 



" Chemical shifts (ppm) are referenced to an aromatic peak at 7.42 
ppm. 



NMR. The 'H spectra of the target molecule (5), byproduct 
(6), and linear peptide (7) were assigned by a combination of 
DQFCOSY and ROESY experiments. The assignments of the 
antibody mimic arc summarized in Table 3. The temperature 
dependencies of the amide protons of the antibody mimic (5) 
were measured in rfe-DMSO and are shown in Table 4, These 
data indicate that the Asp, Asn, and Phe backbone NH*s are 
strongly hydrogen-bonded, whilst the constraint (Amb) and Glu 
NH's are in conformational equilibrium between stable hydrogen- 
bonded conformations and the solvent-exposed environment.^' 




Time in ps 
0,0 101.0 



Figure 7. Energy of the 100 minimized structures sampled during the 
100-ps (800 K) molecular dynamics search, the low-energy confor- 
mations superimposed in Figure 8 are indicated by X's. 




Figure 8. Superimposition of the 10 lowest solution conformations found 
over a 100-ps molecular dynamics simulation. 



The solution conformation of the antibody mimic (5) was 
calculated by a combination of restrained molecular dynamics 
and restrained molecular mechanics. In total, 1 00 conformations 
were collected during the restrained molecular dynamics con- 
formational search. Each of these 100 structures was superim- 
posed onto the side-chain atoms of the desired receptor loop 
conformation. The root mean square of these 1 00 conformations, 
with the desired receptor-bound conformation, had a value 
between 3 .0 and 4,0 A. A plot of the energy of the 1 00 structures 
versus time is presented in Figure 7. The 10 low-energy 
conformations shown in Figure 7 were obtained for further 
analysis. The superimposition of these 1 0 structures is illustrated 
in Figure 8 , The lowest energy conformation found was minimized 
without the constraints in place. It had an energy of 90 kcal /mol 
and was found to be consistent with the distance constraints derived 
from NMR. The energy of the desired receptor-bound confor- 
mation was calculated at 95 kcal/mol in the design process. 
Therefore it would appear as though the organic **scaffold" has 
stabilized the cyclic peptide to conformations that are energetically 
close to the desired receptor- bound conformation. 

Biological Data. CDR H3 has been shown (theoretically) to 
be essential for recognition between the antibody and the antigen. 
Since CDR H3 binds directly to active-site loop (368-370) on 
the antigen, the antibody mimic may also bind to this region. If 
this does occur, then it is possible that the antibody mimic can 
sterically interfere with the approach of the large substrate fetuin 
and inhibit enzyme activity. 

In fact, a Ki of I X 10^ M was determined for the antibody 
mimic (5) using the naturally occurring substrate fetuin against 
N9 sialidase. These data are shown as Dixon plots in Figure 9. 

(51) (a) Hruby, V. J. Chem. Biochem, Amino Acids, Pept,, Proteins 1974, 
3, 1-188. (b) Kemp, D. S.; McNamara, P. Tetrahedron Lett. 1982, 23, 
3761-3769. 
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-10 0 10 20 30 40 50 



[EDNFAmb] uM 

Figure 9. Dixon plot for the inhibition of influenza virus N9 sialidase 
by the antibody mimic 5 with fetuin as the substrate: V, 30 mg/mL 
fetuin; O, 70 mg/mL fetuin. \/v is in fluorescence units. 

These data clearly indicate that the antibody mimic (5) is an 
inhibitor of the influenza viral enzyme. N9 sialidase. Inhibition 
produced by the antibody has been previously noted.'^'^.u.is since 
the antibody mimic was designed to bind at the same epitope 
region as the antibody NC41, it is reasonable to suggest that an 
inhibition similar to the inhibition observed with NC41 occurs. 
Indeed the current data supports the notion that the antibody 
mimic acts in a similar fashion to the antibody NC4 1 . The linear 
peptide (7) did not inhibit enzyme activity, illustrating the 
importance of the constraint in achieving molecular recognition 
and hence inhibition of the enzyme. 

An alternative explanation to the current interpretation might 
be that the mimic is binding directly in the active site. However, 
this is considered unlikely because of the size of the mimic. A 
study of the dimensions of the active site appears to preclude the 
mimic from both entering and binding at this site. The antibody 
mimic was designed to bind at the edge of the active site on loop 
368-370 and may inhibit the enzyme by binding to this loop. This 
is supported by the fact that the mechanism of antibody NC41 
inhibiting N9 sialidase is thought to be due to the antibody binding 
to this same loop.^^ 
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The mimetic binds approximately 3 orders of magnitude less 
than that of the parent protein. The antibody mimic contains 
oniy four out of the 1 7 or so residues of the antibody that form 
contacts with the antigen N9 sialidase. As well, considering the 
large difference in bound surface area between the antibody- 
antigen complex and the antibody mimetic-antigen complex, one 
would imagine that the mimetic would bind with a lower affinity 
than the parent protein. However, it is possible to improve the 
affinity of the mimetic by further restricting its available 
conformational space. The inclusion of local constraints*^*^ may 
further restrict the conformation of the mimetic to regions about 
the desired receptor-bound conformation. This would effectively 
deplete alternative conformations that don*t bind and therefore 
increase binding affinity. This is consistent with the strategy of 
using global conformational constraints (such as 3-(aminomethyl)- 
benzoic acid) to stabilize the structural features of the loop, 
followed by local conformational constraints to further restrict 
backbone conformations to regions around the desired receptor- 
bound conformation. 

Conclusion 

We have analyzed the antibody NC41-N9 sialidase crystal 
structure and identified one loop on the antibody (CDR H3) that 
appears to theoretically contribute a significant proportion of the 
interaction energy between the complex. A constrained cyclic 
peptide was theoretically designed to mimic the receptor-bound 
conformation of these key amino acids. The designed organic 
constraint was synthesized followed by the preparation of the 
constrained cyclic peptide (antibody mimic) using standard solid- 
phase synthesis protocols. The desired receptor-bound confor- 
mation of the antibody mimic was only 5 kcal/mol higher than 
the solution (f/s-DMSO) conformation. The biological activity 
of this low molecular weight compound suggests that it is 
mimicking the binding function of antibody NC41. 
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SUMMARY 

a-Aspartyl-containing cyclic pentapeptides were synthesised in high yields using a strategy that maintained 
fluorenyhnethyl protection on the aspartic acid side chain during chain assembly, resin cleavage and cyclisation of the 
linear precursors. Tetra-n-butylammonium fluoride treatment of the fluorenylmethyl-protected cycUc peptides cata- 
lysed imide formation, whereas piperidine-induced deprotection resuUed in good yields of the target cycUc peptides. 



INTRODUCTION 

Of the large number of side reactions identified 
in peptide chemistry, aspartimide formation is one 
of the most frequently occurring and problematic. 
It is observed in both Hoc- and Fmoc-based syn- 
theses of aspartyl-containing peptides. Imide 
formation is thought to occur via a nucleophilic 
attack (Fig. 1) by the backbone nitrogen atom of 
the i + 1 residue on the aspartyl side-chain carbon- 
yl functionality. The reaction may be acid or base 
catalysed or may proceed spontaneously under 
neutral conditions in water [1-3]. Subsequent hy- 
drolysis at either of the carbonyl centres of the re- 



sulting imide 2 leads to two structural isomers: 
the a-peptide 3 and the P-peptide 4. The latter is 
usually the major product of hydrolysis [4] and 
may co-elute with the a-peptide on reverse-phase 
HPLC, making its correct structural identification 
particularly difficult. Although less common, 
imide formation can occur in glutamyl-containing 
peptides, resulting in a mixture of a- and y-pep- 
tides after hydrolysis [5]. 

The rate of imide formation in a variety of 
environments is strongly dependent on the nature 
of the i + 1 residue [1,2,6] and of the aspartyl side- 
chain leaving group (Y) [7-10]. It is fastest when 
the aspartic acid side chain is activated [11]. 
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Abbreviations: Act, aminocarboxythiophene; Amb, aminomethylbenzoic; /-Bu, tert-h\x\y\\ Boc, rerf-butoxycarbonyl; BoCjO, &i-tert- 
butyl dicarbonate; BOP, (ben2otriazol-l-yloxy)tris(dimethylamino)-phosphomum hexafluorophosphate; DIEA, diisopropylethyl- 
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phenyl acetamidomethyl; TBAF, tetra-w-butylammonium fluoride; TFA, trifluoroacetic acid; TIPS, triisopropylsilane. 
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Fig. L Aspartimide formation in peptide synthesis. Y = OH, OR or NHj. 



Part of our work on P-turn mimics [12] has 
necessitated the synthesis of a-aspartyl cyclic 
peptides which contain constrained amino acids. 
Two successful strategies have been reported to 
access a-aspartyl cycUc peptides. Briefly, these 
include on-resin cycUsation [13] and the solution- 
phase cycUsation of fully protected linear peptides 
[14]. Though synthetically elegant, the first method 
often suffers from low yields in the final cycUsation 
step while in the second method the fully pro- 
tected intermediates are often only sparingly sol- 
uble in organic solvents or aqueous buffers, thus 
hindering effective purification and cycUsation. 

We considered that these shortcomings could 
be overcome by solution-phase cycUsation using 
linear precursors in which only the aspartyl group 
was protected. In selecting the side-chain protect- 
ing group we took the following requirements 
into consideration: (i) the protected aspartic acid 
residue should be commercially available; (ii) the 
protecting group should be stable to strong acid 
(HF or TFA); and (iii) be readily removed in 
solution without concomitant imide formation. 
Here we describe the use of fluorenyhnethyl pro- 
tection of the aspartyl side cham in conjunction 
with Boc chemistry that aUows facile and effective 
access to a-aspartyl cycUc peptides. 

MATERIALS AND METHODS 

AU resins and Fmoc- and Boc-protected amino 
acids were purchased from NovaBiochem (Alex- 
andria, NSW, AustraUa). Boc-Asp(OFm)OH was 
purchased from Bachem Fein-chemikaUen AG 
(Bubendorf, Switzerland). TBAF, piperidine,/?-cre- 
sol, TFA and TIPS were obtained from Aldrich 
(Castle HiU, NSW, AustraUa) and Auspep (Park- 



vUle, VIC, AustraUa). All solvents were of HPLC 
grade or of equivalent purity. HPLC was carried 
out on a Waters apparatus with a 600E solvent 
deUvery system and a 484 UV detector. Analytical 
HPLC was carried out on a Vydac Cig reverse- 
phase colxmin (0.46 x 25 cm) using a 2% Unear 
gradient from 100% buffer A (0.1% TFA in water) 
to 80% buffer B (90% acetonitrile/10% water, 
0.09% TFA) at a flow rate of Iml/min. Preparative 
separations on HPLC were carried out on a Vydac 
C18 reverse-phase column (2.2 x 25 cm) using the 
same Unear gradient as described above at a flow 
rate of 8 ml/min. Mass spectra were recorded on 
a PE-SCIEX triple quadrupole mass spectrometer 
usmg an interface potential of 5.6 kV and an ori- 
fice potential of 60-80 V. Samples of approximate- 
ly 0.1 mg/ml in water/acetonitrile (1:1, 0.1% TFA) 
were injected directly into the ion spray interface 
at flow rates of 20-40 ^il/min. HPLC fractions 
were analysed directly without prior treatment. ^H 
NMR spectra were recorded in aqueous solution 
(90% H2O/10% D2O) on a Bruker ARX 500 spec- 
trometer at 290 K with a peptide concentration of 
15 mM. TOCSY spectra were acquired with 4096 
complex data points over a spectral width of 8064 
Hz, with typicaUy 256-512 increments of 8-32 
scans. NOESY spectra were acquired with 4096 
complex data points over spectral widths of 
6756-8064 Hz with 512-630 mcrements of 32-64 
scans. The data were processed using the Bruker 
processing package XWIN-NMR. 

Synthesis of modified amino acids 

Boc-Gly-OH was coupled to 3-amino-4-carbo- 
methoxythiophene [15] with DCC/HOBT in ethyl 
acetate to give Boc-Gly-Act-OMe in 52% yield. 
Hydrolysis with LiOH yielded Boc-Gly-Act-OH 
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(97%): mp 145-150 °C; ^ (CDCI3, ppm) 1.95 (9H, 
s, 3 CH3), 3.70 (2H, m, CHj), 7.55 (IH, s, NH), 
7.95 (IH, d (J = 1 Hz), H^, 8.27 (IH, d (J= 1 
Hz), H^, 10.85 (IH, s, NH). Boc-protected 
aminomethyl benzoic acid, Boc-Amb-OH [16], was 
prepared using B0C2O via standard procedures [17]. 

Chain assembly 

The linear peptides were synthesised on Boc- 
Gly-PAM resin (0.5-0.8 mmol/g) by manual step- 
wise solid-phase peptide synthesis using a fourfold 
excess of amino acid with HBTU activation and 
in situ neutralisation [18]. Boc-Gly-Act-OH and 
Boc-Amb-OH were coupled in a similar fashion 
(2 equiv amino acid, 2 equiv HBTU (0.5 M in 
DMF), 3 equiv DIEA, 30 min). Similarly, Fmoc 
SPPS protocols were used on Fmoc-Gly-Wang re- 
sins for the synthesis of linear peptides 6a-d with 
Boc-Asp(OFm)-OH as the N-terminal residue. 
Some sequences were also assembled on Wang 
resin using Fmoc-protected amino acids and Boc- 
Asp(OFm)-OH as the N-terminal residue. After 
TFA cleavage, peptides 6a-d were separated in 
good yield and purity. 

Cleavage protocols 

Peptides synthesised on Wang resin were 
cleaved by mixing 1 g of dried resin with 90% 
TFA/10% TIPS (20 ml) for 2-10 h at room tem- 
perature. After filtration, TFA was removed 
under vacuum, ether (15 ml) was added, and the 



residue was filtered and washed with ether to 
remove traces of scavenger. The crude residue was 
then dissolved in a 1:1 mixture of buffers A and 
B (HPLC), diluted with buffer A and then puri- 
fied by reverse-phase HPLC. Peptides synthesised 
on PAM resin were cleaved by HF (18 ml; p- 
cresol (1 ml); /?-thiocresol (1 ml); -5 °C). After 1 
h the HF was removed under vacuum, ether (15 
ml) was added, and the residue was filtered and 
washed with cold ether. The crude peptide was 
dissolved in a 1:1 mixture of buffers A and B and 
purified by reverse-phase HPLC. 

Cyclisation of Asp( OFm) -protected linear peptides 
Linear peptides (0.07 mmol) were dissolved in 
DMF (70 ml) with stirring at room temperature. 
DIEA (5 equiv; 61 pi) was then added, followed 
by BOP (3 equiv; 93 mg). The reaction was left 
stirring overnight. The DMF was removed under 
vacuum and the residue was lyophiUsed from 
water (0.1% TFA). The crude product was puri- 
fied by HPLC. 

Deprotection of the aspartyl side chain 

TBAF The cyclic protected peptides (0.01 
nmiol) were treated with 0.1 M TBAF solution in 
DMF (1 ml). After 10 min, water (40 ml) was 
added, the solution was lyophilised and the prod- 
ucts were analysed by HPLC and ISMS. 

Piperidine The cyclic protected peptides (0.02 
nmaol) were treated with 20% piperidine in DMF 



Boc-Gly-(^ SPPS . Boc-Asp(OFm)-Gly-Act-Arg(Tos)-Gly--(R) 

cleavage 



5a 



©■ 



Act 



PAM resin 




O 

II 

,0- 



H-Asp(OFm)-Gly-Act-Arg-Gly-OH 
6a 

cyclisation 
A ^p(OFm)-Gly-Act-Arg-Gly 

deprotection 

Asp-Gly-Act-Arg-Gly 

8a 1 I 



Fig. 2. Synthesis of the cyclic pentapeptide 8a. 
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TABLE 1 

a-ASPARTYL PEPTIDES AND CYCLISATION YIELDS 





6 




a 


H2N-D(Fm)-G-(Act)-R-G-OH 


70 (30) 


b 


H2N-D{Fm)-G-(Amb)-R-G-0H 


68 (27) 


c 


H2N-D(Fin)-G-(P-Ala)-R-G-OH 


55(-) 


d 


H2N-D(Fm)-(Amb)-G-R-G-0H 


81 (20) 


e 


H2N-(Ainb)-L-D(Fm)-V-G-0H 


49(4) 



* Yields are calculated from the weight of isolated material 
after HPLC purification. 

** The yields of cyclisation of the aspartyl unprotected linear ana- 
logues using the same reaction conditions are in parentheses. 

(2 ml). After 1 h of stirring, water (40 ml) was 
added and the solution was lyophilised and ana- 
lysed as above. 

RESULTS AND DISCUSSION 

The synthetic strategy is outlined in Fig. 2 for 
the synthesis of the cycUc pentapeptide 8a. 

The linear peptides 6a-e (Table 1) were assem- 
bled on PAM resins and, after HF-induced cleav- 
age, isolated in high yields and purity. Glycine 
was chosen as the C-terminal residue of the linear 
peptide to avoid racemisation during carboxyl 
activation in the cycUsation process. Cychsation 
of the hnear sequences was then achieved at 10'^ M 
in DMF using BOP activation. After HPLC puri- 
fication, the cycUc Fm-protected peptides 7a-e 
were isolated by preparative HPLC in yields rang- 



ing from 49 to 81% (Table 1). Conditions for 
fluorenyhnethyl deprotection of 7a were investi- 
gated using either piperidine or TBAF in DMF. 

TBAF treatment of peptide 7a did not lead to 
the target a-peptide, but resulted mainly in cata- 
lysed imide formation accompanied by the loss of 
fluorenyhnethanol, FmOH. The resultant imide 
10a was characterised by NMR and ISMS analy- 
sis, showing a loss of 18 mass units from the 
expected molecular weight (Fig. 3). 

Hydrolysis of 10a led to the formation of two 
cyclic peptides (8a:9a) (1:9) of identical molecular 
weight (an MS/MS examination of both isomers 
revealed only minor differences in the fragmen- 
tation pattern) though with different HPLC reten- 
tion tunes (Fig. 5(2A)). A 2D NMR NOESY 
experiment revealed a strong cross peak from the 
NH(i+ 1) to the H^ of aspartic acid but not to the 
H" (Fig. 4), thereby confirming the P-connectivity 
of the major component 9a. Thus, TBAF-induced 
deprotection of 7a resulted in the preferred for- 
mation of the cychc p-peptide 9a, with only minor 
amounts of the target a-peptide 8a present. A 
similar observation was made by Kates and Al- 
bericio [4], who reported that ^-peptides were ob- 
tained quantitatively by treatmg protected linear 
a-peptides on resin with TBAF in DMF before 
cleavage. 

In contrast, piperidine-induced deprotection of 
7a gave preferentially the desired a-peptide 8a 



H2O o 





— r; 8 

a-pepnde 



Cyclic imide 
10 I 



^peptide 



a-peptide 



Pip 




OC 



Fig. 3. Deprotection routes for cyclic Fm-protected peptides 7. 
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Fig. 4. 2D NMR NOE connectivities for a- and P-connected peptides. 



(Fig. 5), with the P-peptide 9a as a minor product 
(a:P, 9:1). A 2D NMR NOESY experiment re- 
vealed cross peaks from the NH(i+ 1) to both the 
H° and the of the aspartic acid, supporting the 
a-connectivity (Fig. 4). The deprotection was 
further accompanied by the formation of a small 
amoxmt of imide (through elimination of FmOH) 
which reacted with piperidine to give the a- and 
P-adducts 11a and 12a. Hydrolysis of the cycUc 
imide 10a formed in this piperidine deprotection 
route, and formation of P-peptide 9a, is thereby 
significantly reduced. This result was consistent 
with the observation that Fm deprotection using 
20% piperidine/DMF is rapid (tj^j aroxmd 1 min) 
with respect to base-catalysed imide formation 

8a 



Fm-Pip 



lla/12a 



FmOH 



I I I I I I 



■20 b'o' ■ ■ 

minutes 



[19,20] (Fig. 5). Similarly, a-aspartyl-contaming 
cyclic peptides 8b-e were obtained in high yields 
(75-86%) and pxuity from piperidine treatment of 
their Fm-protected precursors. Unlike 7a, peptides 
7b-e after piperidine treatment gave no detectable 
amoimts of P-peptide in the final product as 
determined by NMR/HPLC analyses. 

The overall yields of the cycUc peptides 8a-e 
(31-56%) obtained through this partial protection 
strategy are significantly higher than the yields 
obtained from cycUsation of the unprotected ana- 
logues (Table 1) or from other recent reports [21]. 

Stability of cyclic peptides: A caveat 

a-Peptide 8a, P-peptide 9a and imide 10a inter- 



2A 9a 




lOa 



2B 



8a 



A 



15 



TS iT 

minutes 



18 



Fig. 5.(1) HPLC profile of the crude reaction mixture from piperidine-mediated deprotection of 7a; (2) HPLC profile of (A) imide 
10a in water at pH 7 (2 h) and (B) peptides 8a:9a (9:1) obtained from piperidine-mediated deprotection of 7a. 
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cx)nvert in water at pH < 8. For example, 30% 
succinimide 10a is formed after leaving peptides 
8a:9a (9:1 ratio) for 7 days at pH 2. Over time 
this will lead to nearly fxiU conversion of a-pep- 
tide 8a to P-peptide 9a. Therefore, care needs to 
be taken when planning experiments involving 
aqueous solutions of these compounds over ex- 
tended periods (bioassays or NMR work). In a 
recent report [22], the effect of pH and buffer on 
the rate of aspartimide formation of linear tetra- 
peptides was thoroughly investigated and revealed 
a bell-shaped curve in the pH-rate profile, with a 
maximum rate at pH 4. 

For the Fm esters 6 and 7 on the other hand, 
the rate of spontaneous imide formation dramati- 
cally increases with increasing pH. The protected 
cychc peptide 7a for instance, when dissolved in 
water at pH 7, was completely converted in 1 h to 
the imide 10a, whereas at pH 2 its half life is 
around 30 days allowing facile purification and 
handling without significant loss. 

CONCLUSIONS 

The fluorenylmethyl protection strategy allows 
fast and efficient access to a-aspartyl-containing 
cycUc peptides. Linear peptides containing only 
Asp(OFm) side-chain protection are readily acces- 
sible and sufficiently soluble and stable for effec- 
tive purification and cyclisation. Piperidine-in- 
duoed deprotection leads to high yields of the 
target cycUc products. 
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divc\^6m^nt^^ peptides (11/ 12). :' 

eiuyme^anhibitdrs\(6jl;C^^^ aieeatS; (1). TOe 

recent development>of^e soluble po^i'tipjial icapning .(P;$) 



ABSTRACT The g^aeratloii of diverse chemical llbrfluries 
using a <*Ubrarles front libraries? concept is des^ibed. The 
central features of tbe approaches presented, are the use of 
well-established solid-phase synthesis methods fi^r the genera- 
tion of combinatorial libraries^ combhied with the chemical 
transformation of such' libraries while they r^nain attached to 
tire solid-support. The chemical libraries that'are generated by 
this process have very different physical, chem^; and bio- 
logical properties compared to th.e libraries from U'hicb they 
were derived. A wide range of chemical tnmsform^pns are 
possible for pepdde-based or, other libraries^ and an' almost: 
itnHinUpH raugc of u&cf ul chemical diversities^ Can ^bc envi- 
sioned. En the example presented, the amide ftmctjonaHties.in 
an existing combinatorial Ubrary 'made up of peptides werfe ; 
ate^ while the Ubrary remafaied iittadted to tfae-^ 



Rlpport used in lt8>ynthesis; After ranovial <>f tfe'^ use cfemiSaUy; 



approach for the produce 
enables-indiV|clual,;bipi4gi peptides'to be idQnti-- 

iiedih^smfi^^i^Si^^ 

In a continuing i^ort to expaxiii the available repertoire of 
chemical diversiti^s^we pi^seq [ 
^chemical libcWy^jbbUune»d^ 

: oii existing peplj(ki.jwp^ inai pbsi^ 

tional scanniiig fj^rm»i^*i» compos^ oli^^^ 
compounds'deriVed firbd^tl^ direct chemical modifici^dn of 
resin-bound peptide Ubtipries; To bur.ki^owledge, a stiidy: p¥ 
indivjdMal jpeptides^^^ 
; soiid-pha^e^ syntti^j^^d^^^ 



permethylated mixtares' from tbett solid support, this ^rary,: 
now bicklng the ty|^/-CONH- imiUe lKuu^ of peptides, catD ! : 
be tested fn solutioii with virtually iifi exlsthig usey; t^fsfiedia tp 'j^i 
identify Individoal compojii^sliaVing specific bfoldgteal actiy-:;:^ 
ities of interest An ilhistrfUioa of the uw is. ; 

presented, in which the described permethyl^ed library was - 
used to identify individual 'permethylated compounds tuviiig 
potent antimicrobial activity ag^tost Gram-podtfvc bact^ja;- - 

^-Recent innDvatfons in Y>^ptide chemistry and molecular bk 
'vology have enabled libraries consisting of tens to hundreds of' 
i|)[llions of peptide sequences to be prepared and used to ' 
identify highly active, individual sequences. Such. Ubraries 
carirj)e divided into three broad categories, (i) Onie category 
pf li&raries involves the chemical synthesis of soluble non- 
suppoH-bound peptide and peptoid libraries (1-3). (u'XJ A. 
sepond Q^egory involves the chemical synthesis of support- 
bound pdptide libraries composed of L- or li-amino acid 
sequen9es'presente*d on solid supports such as plastic pins 
(4), resin bej^s (5), or cotton (6). (i7i) A third category uses 
molecular bioifogy aj^proaches to prepare peptides or proteins 
on the surface ^fdamehtous phage particles or plasinids (7). 
More recently, the production of small collections of nbn- - 
peptidic cQ|nippupd|i has been described (S-IO). 

As fu^t presented^V this laboratory^ soluble,'iio)isupport- 
bound pieptide libraricts [termed synthetic peptide combina- 
torial libraries (SPCLs^ appear to be usable in virtually all m, 
vitro and ^ven m Wvo\^says. Ck)mbinaU>rial libraries of 
peptides Composed of ^^n^rely, L-amino acids, entirely 
D^^amino acids, ormixtunSR oft-. Or, and unnatural .amino 
acids have been developed by. using this approach.. The 
succpssful use 'oif these librafcies has been reported for the 
study of antibody/antigen intcractidns (1, 2) and fot the 

The publication costs of this article werljdcfirayed in part by page charge . 
payment. This article must Uicrefore be bdreby ihariced **advertisemenr . 
iivacconlance witb-18 U.5.C. U734 sotety^to indicate this fact; 



^aUbraiiesis^^fllu 



Iberebyy 



tbe usoof t^ p9i|£|^ij^^ 
^Vof potent indr^^ 



The b|duEyl prb^ ii^' thef^sid^^ 

protebtipn pf aspauBgin^ / 
methoxyt)€»z^:for i^cy^te^ 
ddorobenzyloxyeieat)^ for iy$^e;:8ulCoxid6^^ 
nine ; tbsyl for aigimpp^ibrmyl fpj^iryptophah;^^ brpmo- 
benzyloxycarbpnyi 0x^jiyt6shiei\C^ 
-Oals Used.have'ibe«t;de:scrib^ 
' iPennrthylatiwl of Prolog 

, tide\psinsUltf'lii^^ with de^^ 

seqii^poeis (rfspresehted 3s OGGKtiiesihVr-'O" indiyid 
represeWing ca& otthe 20 nkuraily?©^ . 
were prepared on methylbcnzhydn^lamine; rbsm^^^ 
(0.90 nullieoMivalent per g) |lsin9^^^^^ 



chemisuy cp^^ ^dmiill 
synthesis' tech^Uesjhsdesont"'^ 
'final Ma^BDc^xpt^tfi^ 
pirotected reskis <tbeb 
low.There^m^boi 

In a typical M^xamp] 
milli^i^ent).?conr~ 



■tpiiltipte ..peptide^ 
rempyal of ^e ^ 
l:She ^dp-chain- V^\^ 
:9| idesmbiMl bp^ ^^^^^ 
»pank[aj^desniMi(2, ' 

AdCFLHBiBHA^^ ai 
withih^n individual polyprppylr* 



,^e mesh packei (13);;w^8haken^^oiridi^r^^^ 
V (Eberbach. Ato;Ar)^,flto 0;25 M 7 

- ^'• ■=^if^^-^-:^%'^^: Vy^ ' / ■ ." - v--" > ■ 

Abbreviations: PS, pbsition^ scS^^ 

high^perforinance liquid cbromat%aphy; SPCL; syntljieUc peptjde. 

* .combinaforid library; MRSA^>lcth^^^ 
' Weill. M amhso ac^s ti8ed\were^jt^ th^^^ 
■ oUieiwiscnotcdr'-"- - • • 

• *To 
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solution of NaHMmetjlyl sillfoxt^ mf , 8 mOHc^uivaV^ 




jMlH^uiVaA . 

Ichts). Neat mctKyLf6di4e (1;5 ml; 24 i?ullie«ujyalcnts) 
then added tQ. the iieaction 'mixture,;^^ ,^A< 
reaction allowed to proceed for 15 mm ^25^ ASt^rS^^ V r-j^c^i 
cessive washea with diroethytfbrjinaixiide^Cdj^ 
isopropanol (two times, 5 i^),.dichlbromet{CEm<; (j^i^ 
5 ml), and irietkianol (once, 5 N)»'the resin.\i^^ 
high vacuutnAllie. resin-jlMund peimethyi^ed\p^ptide was ;^.)!^ natuM 
cleaved by lisii^ 7.5% (sol/vol) abisole/Ht^ (5 iinl) for IJirat it - " - 
. (fC, dried u^er high vaci^inrextri^ 
and iyophilh;^, llie pienAethylated peptide^was ai^sayed for 
purity by t^c^rised^phaselhigb-peifor^^ cboroma^ 
tography (Rp-HPLC) and identified by laser d^^nj^pn-^ass 
. spectral analysis (KratosUlndividuaL^oi^ 
rifled using |)reparative RPrHPJX^>the PS-S^L was per- 
methylated, cleavecl, and apalyzSd similarly. V. . 

Biological- ^Issays. . Individual perm ethy^te^ con^poundis \ 
and their nonpermethylaled^coiinterparts ^f^t^Bssayedior, 
their resistance to proteolydv^ ^^eakdown4>/?^ and 
chymotrypsin. 'The' assays done in .i.>inl oO).l M 
NH4HC03,'pH 7:8, at room teirtperature for 16 h^ at a peptide 
concentration of Xo mg/ml. Eh^me-tp-peptide concei 
tion was: 1:50. The-degradatipnjdaotion was iQ,onltored by 
RP-HPLC.- . ■ \ V <r' • ■ X V . -''X- ' ■ \ ■■■ 

The strains 5. aiffvkr ATCC^9213>m6thticiilin-»r^^ 
aureus (MRSA) ATCG 3359llSS. jW^ttw ATCCfl^ 



\ylatibij[^"i 
HPLpl 
ylatedst 
ofthe 1 
resins were ^ 



\ C-tejrminai 
^^ion ofthe 



Escherichia coU ATCC\ 



'qmda;d!bio^ - 



10231 were usc£d in the inobsay8^ The ^sayj^vW^ fc.-d^^ 



96-well tissue Culture plates (CbsCar) as 

: Hemolytic activity of the^individual cpmi 
v/sis determined by lising a 0^% sUspeiiajLol 
blocKl.ceUs as described (15). 

RESULTS 



td[sidentifie 
tivmaii 




X)ptimizatiqn of Permethylatlon Cooditibiis. Various meth-^ 
ods for permet^ylation have i»6en described (16, 17).'j[n such 
perinethylations, strongly basic conditions are report^ to 
favor N-methyiation over O-inethylation. Alt}ioi](gh, ume- 
ported in these earlier studies, the synthetic conditioiis:iised 
also permit'permethylation of;peptifies Jbr^e they iiemaih, 
attached to the solid-phase resiiis use^ in:fH]^^y.nthesis; TJie 
strength ofthe solid-pHase appn>ach (18]^4S.thakt ail excess 
reagents can be removed by simple wasl^xvx^ures. . 

Satisfactory permethylation , conditions for resimbound 
peptides were studied using A(jGFL-NH2 diie to its ease of 
synthesis, nonreactiVe side chains, and its availability forni 
other ongoing studies (12).^emperatuie, reacitiph;time, re> 
agent ratios, and solvents w^ie tsQxdied to determine the cnost 
effective and mildest conditioaiB for the formation of the 
amide anions and their subsequent. metHylation. Tempera- 
tures studied ranged firom 25°C to i50?C . Reactibntimfts tested 
for the generadon of the aqjde a^ons raj^^ firono^ 20 min to^ 
16 hr. It was fouiid that |^iIe,<X3^pl^^ 
tion occurred within 16 hr at:25°^i'hi^er tempeiatiires le^ to -/ 
. degraded products, as evi<^ricei!'by tnass sjpectn^ ianalysia;^* 
andRF-HPIXJ: Methyl^onrf«^ — '"^ " 

from 1 to^30 cnin. Because permethylation of 
peptide leads to both mf tbylation of the aqfiid^^lb^lLbQiie 
quaternary salt formation; it; was pec^s$ary.<l^ )Bt6dy-t 
relativej:ates of these two reactioiis/lt Was fqruhd that wf 
methylatioiPof the backbone amides Wa^coMpletf. within 
first/minute, longer' rea<|itioa;tlffl required' for 

quateniaiy salt fonn&tion.£omptete methylatiOD ctfthe bacK^ 
bone amide'anions within th^ fust minute Wib demonstrated; 
with the^nse of Ac^AGGFLrNHi. Ofthe conditioKs tinted, a 
16^ rooin-teiiftperature treatment of the re8irirbound\pn>- 
tected peptides, using a IQ^foId excess of ffai^to diethyl 
sulfoxide over the i^tive sites ofthe resin-bbund p 
followed by a 15-min treatment of the resultingimid^ akuons 



m 

-fc^dgbessbf hi(etli{f t 

" ' it resulti[:(Fig: i)7^jf|i4cir^to&i:coniitip^^^ 

_.,_-_^«ptw^^£»nito^;ee^ 
o1i^icc1tcd,;2<tmc^^^ : 
^|ira^;:wi%£i^^ 

"^-^-nuho'^idsr^ >; 
3)l>ishbitoj^ * 
■ "resinsVMa^ 

redaliqubtoft^ejoK^ , 
'iiidiG^ted'that the aver^ ciud^ i^r^y ^ 
tm%l^ted peptid9^A«(^ ; - 

S'f^ iP-'^eteriiuin^^ and . 

suscieptibility^;to modificEUion of th^. 20 - n^Uually * occurring^ 
L-ainino acids'^'Mass diii^^ 

trogeh, of eacih. amidti bond >vas : methyl^ubdt- mcl^ tn^; 
r.tArm.w am;:4^|*estD linkage, lo^dition&the'qi^ . 
iogroup; smali ampimts^f the 
lO pivxlucts'w^(4^a^ 
. , While afffi^^ 
metfiiyl^ioa <^thO m hyV 
dridej(inethylJod^ 

.diffliet^ja^ pn^U^f the^strongly jb^ in. 
the sbduint^](^ - 
tion' of &e^^^ iWtn!^/ IbVocmtrastV 

iv^;>| iot^ 
Mr^<l^nj,thei#^ 

. ^ted'd^^ 
,k!e^;.yie^4e^ t^^^ desired- ^rtiducts" ui^90% * 
parity fqo'^nii^c^^ ^ 
Table i«summ^^ 

rated Ondii^tii^ W f 
lather :anMQg|i.'$iiiul9^^ 

re^s m wUdi-tbci/ja^^ secdi^pt^iion;^ 
\ yan.ed^^lemonstntting the la^ dependehoe on* 

the inodi^cation of ^cfr^ide cl^^ T \ 

. Althoughv^eibsyor- p^^ 
model peptideXmitaii^ cysteine fhpmfi&yltM 





Pio. f . lUiisliaiiiilif of (h» Aiethodused for the iiepnethylatlon of'* 
peptides; OMSO^ dimethyl sulfoxi^>^ ; v i ' - - ■ . 
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2. RP-HPtCTi 
fatdd form OfSGCiFU] 



the presence 
removal of the 

th^t the benzyl ester side-<hain; 
tate aAd giiitamate were rertfo^ 

^treatment., fl^e lower purit)^ fouad* suggests that ihtertial 
-cycHzatiop of these comp^und^s* occurred Q!9). The diiiStfQ-: 
{Phenyl protecting^<>up.of htsticline was fotyid to be repi6x^ 
by th'&sodiumhydride treatment. Methylationof t&e Kfs%id(v)e 
side chain gave' two nu^or products x)f identical moreculoc 
^ weighs which are asstlmed'lo .be tbe;7^ and Wnudazole 
side-chain meihJlatiipnproduclsr'T^ldT^^ purity qf XCGFU- 
NHz, along with the prfesience bf IWJh^lwular-wc^^ spe- 
cies as evidenccTd i)y ihasi5 spectral ai^alysts, indicates atjUti*. 
tionai byproduCt$ ^ due to ihltpoA d^avagebyr nucieophilic . 
attack df the e:anuho ^up on the' ^ptide bs^kbon^. » 

The sulfoxide oif methionine, ^hich is stably to tHe reaetipn 
conditions, also serves to prevent (he internal cleavage igf the 

. peptides via methyl sulfohium saJfrdf methipnin"^ (20). Un- , 
expectedly, some frec methionine product wis fbiind result- 
ing from reductionrbf the sulfoxide/The stability of the tosyl 



^^^|^>^£^0U^^^ 

. ''gTpujEi^tfie ai^ 

: n<a;i^etu?;^g^^^^^ • > Vr ■ • * 

. J ^ Treatment Sf,tjiiii;Vtier39ie^y^^ usiijii 
• ^standardlow^Hl'tktnditio^^ 
. . ' ' cUfavage; of peiini^tiijflated peptides from the./itsin. : Th^^ ' 
, ;^': V labnity of ^^cpiid^^j^ 

bonds undefic^cdhdidohiis . 
addition, the; pe^lleU the Ibin afterl6vt HF 

f.: .ticata)ieiit was TcAinVt substantially Sc^eid as deter- '* 

: ; • .Vth^.th^^^^ti<4l^9ii^ for penn^thytatipn \yoi4jf^sult ~ 

tnViiin^^^u:^^ 
•\ : incre0i|^^blity^^f;C<r^ 

which thie fbui^tiip^Jeyitei^ were- ^ 

- syikh^Si^^sdd^f^ An aliquot pf the ' 

' C3jFI>NHzresi%y^^ 

V . to fcnin tb^ anude W<K& and then qtienched by washing with 

V ii% liyatcr/dim^thylS^^ 
from the re«Si>; the;;ii^^ 

of raSeoiii^^ 

4^:' la^&eip^fi/^^ and RCGF)^NH2; their pon- >. 

pej^e&ytated^^^ 
. of the^ifbur^tSipbuii^^ : 

• monitmd by*KP-HFLQ;and mass' siSec&al^an^ly^is, 
cleavage p^ AGGIX^I^^^ 

. NHzbytiTpsinlviriisolK^^ . 
of,Ahe:/equiVs4eAt :;pem WaS- seen after 

.ov^i^iSjgJit cnzyiiie^^ff^ * ^ . " ^ 

^- Pr^^ticm bttbeP^ethyl^ed)^ 
positiojd^ subUbrsuies of ,a fe ' 

* cpfTsistmg of 20' Separate. piepUdenuxtures/we)^ 
: Ipted.and cleaved as^^^s^ 

sisted of l^ hexaiiQ^i^ was 
. tleffned by- esfcj^pf^ i^niinp adds (r£prc- 

'sented'a$;0),Hidt^^ Qy^ portions ihadk up of « , 

. ^xtures of 18^p^ntfetbyl)^ed afiiinp^lwid as'^;; 



,j^£p6itt;^ analysis Qf the permcthy- 



ce bf uiiiiAdifiild:sidB chain suggcste ihpinlplcilp^ 



Tabic i.'. Side-chain mofTdications bf.ai^ffb acids. in *pcnnethylated >pej>tide8 '* 



, ; Parent . 
sequence 



Parent 

Mr 



MethyLated 
Mr found 



Number^' 
Methyls 



CGGFL-NHz • 
DdijFL-NHa /' 
'EGGFL-Ntl2 ^ 
HGGFL-NHi * • 
kCGFlj-NH:' ' 
LGGFL-NHi 
MlCntiGFL-NHi 

QGGFL.T4i2 
RGGFL-NAf • 
WGGFL-NHj 
•YGGFL-NH2 



494.8 
506.7 ' 
520.7 
528.« 

sm 

. 538.8 
505^7: 
519.7 

. 703.3 
577.8 

•5i4r8 



620.8 
633:6 
; 647.8 ' 
r 655.8 



11 



modificatiqa ^^tjf^' li-.- -i purity,t.% ; ' :^ • puriiyit 

. -.^ ^ — ^ 



660.0 
547:8 
, 704.8 
681.5 



>10v- 

«io 

'9 



Methyl ester 
Methyl vn^dazole 
Quaternary salt. 
UnmodiGed : .|-, 
Unmodifted 
Dimethyl amiUe ' ' 
bimethyl^mide • 
Tnmethyl guanidine 
MctfiyI indole r 
-Methyl eiher,; 



90 

98i; 

99* 
99 
98 ■ 
85 
85 
88 
98 
99 



. 50 

• 60 ■ 
>-75 . 

40 
* 30 
81 
70 
^ 86 
80 . 
15. 



•Sum of the mono-, di-, and trimethylated o-nihine pix>ducts.' V. 
^Purity of the crude compounds as determined by analytica) RP-HPLC. Repetitionbf these 

yariation of 20% fromihe values Usted. IHmtics of the ui 

the unlisted peimethylated compounds "were >90%, 
• pcrmethylation treatment. . 



listed nonpcrm^thylated ino^el. , 
Side chain8:<<-theVuhUsted"i^ 



«iimenu^)0Wed a maXimoM': 
»ti(tot>^^ete.>99%; purities ot 
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Gly-airPhB-LotffHj 




%teBv£e ivodjet of the ' 
quendned sodfrn sott- 
of reskibomd* 



I 



I 

20 



I 



25 



. I . • I .1 
- ' 0 ■ 5 10 1,5 

»' . -V . " . ■ 

; Fig. 3. RP-HPtC ai^alysis of ihc four sipreoisomers of GGFL- 
^NHj after the- fonr&iliOH: and quenching of their amide anicins by 
tJaH. Arrov represents the rclenliori time of the o/k And l/d 

stcreoisomecis. . ' . . ^ 



cysteine and tryptophan were excluded). Each of the six 
permethyfated $ubjibrari€s (represented as ptalOXXXXX]^ 
pmlXOXXXXl pmi;(XOXXXl pmlXXXOXX], pMXjCX- 
XOXl and pm[XXXXXO]) contained 37.79ijl60 (20 X;.;l85)• 
'pe^methylated compounds in approximately eqifiimHar 
amounts. * ' . ' ^ • / 

Antimicrobial Activity. Each jat the 120 pcrnifl^ 
mixuires was assayed at an initial concentration of 2.yfhg/ml 
for its ability to.ihhibit tjie growth of S, aureus. A number.urf 
per methylated mixtures from each of thfc-six, Ubraries*<fihi(>-' 
' ited 5. aureus growth (Fig"?4): None of the mixtwiris sho)iligd 
significant hemolytic activity or in vitro toxicity as deter-;*, 
minerfby an MTT assay us^jg McCoy cells ATCC 1696-CRt 
[MTT, ?-(4.5-dimethytlfaiaj£oI-2-yl)-2,5-diphenylteirazpU 
bromide] (25). The amino acids chosen at fadtrof the dellned 
positions from the 



used to geqbr^te a series- of indiWduai pern^ethylated com^ 
.pounds; Peptides wei^s thus synthesized and pennethylated 
ref^resentiiig {Uhpombinations ofthp amino j|cids choseii|fpr; 
ihtfq^tposiadnXW^^^^ ' 

resiillafit 14^;m 

wpiTB Scre^ii|tf^y[Q^ iantiimirojtHal actiW^ 
cbmpoiindsiuJ/lCjol^ <50^jjig/q^^jS^eii^ S\^covl* 
pounds had vICii(> yd^^ ^himus. 
Although the^^ permethylated forms 6f FPIEFFrNfe, 
FFFFFF-NHa/andhl^FIFFF-NHj exhibiterfthe jgrcmest ag- 
tivity of the sefies .^TTable 2iU the quatediary-inmethyi>am^^ 
liionium salt of^irbnpeiro^hyjated^^^ 

^activity (ICWj^?;??!)^- i^^^ fpuntf • 

against MRSA'anfdi^^^^^ the' penne- 

th]^ated ckimpoun^ tigxtubes i^ibited activity against £. 
Vo/i" pr ia/it/ciijw^^ Mg/mD. or showed 

significant tbxic»t>r: as::evidence4>^ blood cells' • 

(<2% 'hemolysis 4i I'M /ig/ml)V/niese compounds showed^ ■ 
|ictivitie5 similar to,a range of previously, described pepiides^^ 
ifjadie up of ^-ammo acids (l);:lHo^yeve^ in contrast to the' 
. ^amino acid peptides^pj-tliese comp6undS;|L|:fpear completely 
stable to prote61ytic:en?yjne$/Mass^^ smd RP-FKFLC 

analysis showed that, in sooie casdiVtilcopiplete ni^ 
: hadwioiirej^^Fotti^^^^ 

similar T«itinuclnb|i^;a^^ yf^^ic^^^^tp^ ' \ 
r:&\Sggestui^tbat i m.e^yia^ had \ 

. antiml^nSB^'a^^ii^^ ''^■^*^■t>v'!i^^^?^ 

i"^!^ IH)&Ot : o^lJnucrobiM acf^itjirirpf p^fpf^ihy^^^ 

V I f-^Ti^^pjiQnylalaranepiiom^ 
i6i!bylated'f? af Which a pennethylated poly^j^ nyladanihc KSi the i^atcst 
^ " •'Wimicrobials^vity.ThesetQfcoinpoundsprei)^^ ^ 

in length fit)fri: dn^: to eight lesiduest^ Tlie ahtit^ 
activities of the^ compounds agaihst the twQ Ck^p6sitive: 
bacteria,* 5. oiireiiJ^ and S/'son^ui/s^ are $h[d\K^^ in Table 2v 
~ Significant ackvitt^ >^ere fotfnd for thoise pecmetbylated 
compound^ haying^ '^^^ bt^ least five ieaidiuis;,; with a . 
optioiai lengt^of ^ and 
eight-residUe penne^^^^ cpfilpQunds* 
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Table 2: .AnUfmcit^iaf and heinqly^ activities of pe'rmetl^ylated 
^•peptide;^ derived^ftom a pekiQ^dby1ated''SPCL 



-Parent * 
sequence' 



f /^. S* sanguis' 



ICso* 



MIC.; 



LFlFFF-NHz 
FFIFFF-NHj 
FFFl'FF NH2 
LFFFFF-NHz ' . 
F-NH2 

fF-NH2^ 
FFF-i*JH2 • 
FFFF-NH2 

'FFFFF-^^H2^ 
FFFFFF-NH2 
FFFFFFF-NH2 
FFFFFFFF-NH2 



>500 
288 
116 
19 

7 . 
* 2.5." 
5 



11-15 
11-15 
11-15 
21-31 . 
>500 
>500 . 
>500 
250^500 
21-31 
11-15 

3-4 

6-8 



1.7 
14 

,i : 

>500' 
'>500 

446 

85 

20 
5 

2.3 
7 



3^ . 
2(M0. 

ii-2a ^ 

20U0; 
*>500 
• >500 

>500 
125-250 

25r.30 

7- 8 
3-4 

8- 9 



MICv lowest concentration at which no growth is detected tiRer 21- 
hr incubation. . 



DISCUSSION 



Biologically active Vptides can now be' r&aclily identified 
through the use of SPCLs and PS-SPCLs (i, 2, 11, 12). 
Peptides, however, havo limitations as potential therapeu- 

' tics; this is due to their lack of oral actiyMrttapid breakdown 
by proteolytic enzymes, rapid clearaMj^m ciipilation, 
and typicabinability to pass through tl^nJood-bram barrier 
to effect cehtral hervoiis system activity. The generation of 
libraries consisting, ,of nonpeptidic compounds can be ex; 
pectedto circumveiit a numTOr of these limitations. Vfp are 
pui«i|ing a library approach' in wldch existing anid/or readily 

^gbcessible peptide other chemical diversities are chemi- 

trait^dnnerf to yield libraries (termed hefte chemically ' 
ti^sfonnei^ tibraries). baying more desirab]p physical .and 
^ chetfl^galptopcTliicSf..' %: * ^ * 

Fo|c t^j:hemic^ transfbmiation of peptide Ubiaries to be ; 
of.pcacttcal.use, there are two req^uiremenUU (0 One afti$t 
begin with a wfU-deGned peptide hbraiy, and qhe must . 
have access to chemical reagents that can effectively alter 
chemicaTmoieties in a known manner, while leaving eitberall 
of the comik)und mixture on the resin or alternatively re- 
moving all of the mixture from the resiii. The'^lid-phase 
synthesis of individual peptides (13, 18) and peptide libraries 
(1, 2) satisfies the first requiremjsnt hecaus<e the preparation 
of libraries on solid supports can.be done with a hig^ d^lgree 
of confideitce and exactStude by recently described ap- 
proaches (1, 2, 5, 12). Such libraries can then.be chemically 
altered before, their resin -cleavage. The integrity of the 
peptide library used in the present study, has been well ; 
demonstrated in earlier work (2, 12)^and this library can be 
used for chemical transformation with confidence. The sec^^ 
end requirement is satisfied here by the successful generation 
of chemically transformed peptide libraries. Initial studies 
withk individual peptides indibate that peptides can be fully 
permethylated while bound to tfie resin support used in their 
synthesis. The average yi^elcf was >85% ^nd was achieved 
independendyofthe sequence being permethylated; , 

Peptoid libraries (3), which are derived from the stepHwise. 
synthesis of amide-functiohalized polyglycines, consist of 



cbmppuii^^ha^^g^ number of physipal-chemical properties 
siituktr tb the' pein^^ peptides described here (resis- 

tance to enzymes^ &^6rable aqueous 

' We^beyeye^the us^^^ of existing resin- 

boiin4 peptide ltt;!iari« offer stgtiificant advantages, duetto 
their geneiiiali arailability aqd to the.foiniiiarity />f the procicr 
dufes fo;*. titie;sj^thesis:bf peptides^-^^(^ and vpeptide 

vUbrartes-tt.;2/5;a2),C:;--C : ■ 

Thv^, tbel^ansfQ iisi an example* of 

a more. geivdral*%)pproaGti to produc^Moge diversities IQrom 
readily arim^slble^xist^ i)0lievQthat 
the i?bemlral 't^^$^ of existing and 

lUture comlua^ri£d# by ^ permeth- 

ylated Ubrfvy |>res^nte<Aiere^^^^^ and 
raplcLmeans to mcrease theiyaik^ cbemical'4iyerstty for 
use in basic jieseiuKih and dni^ discovery: ; : 

We thank Ema l^akalutshi for her expieit technical assistance/ 
Eileen Silva for help infdocument pf^pajration. This work Was funded 
by Houghcen Pha^nwceuticals, Inc^i^'Sanpiego. v : ,: , = . 
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